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ABSTRACT 

A variety of reporter genes within plasmid constructs were injected into the afferent and efferent vessels of 
the liver in mice, rats, and dogs. Efficient plasmid expression was obtained following delivery via the portal 
vein, the hepatic vein, and the bile duct. The use of hyperosmotic injection solutions and occlusion of the blood 
outflow from the liver substantially increased the expression levels. Combining these surgical approaches with 
improved plasmid vectors enabled uncommonly high levels of foreign gene expression in which over 15 yug of 
luciferase protein/liver was produced in mice and over 50 /u,g in rats. Equally high levels of /3-galactosidase 
(/3-Gal) expression were obtained, in that over 5% of the hepatocytes had intense blue staining. Expression 
of luciferase or /3-Gal was evenly distributed in hepatocytes throughout the entire liver when either of the 
three routes were injected. Peri-acinar hepatocytes were preferentially transfected when the portal vein was 
injected in rats. These levels of foreign gene expression are among the highest levels obtained with nonviral 
vectors. Repetitive plasmid administration through the bile duct led to successive events of foreign gene ex- 
pression. The integration of these findings into laboratory and clinical protocols is discussed. 



OVERVIEW SUMMARY 

Previously, we have shown that the intraportal injection of 
plasmid DNA in hypertonic solution leads to high levels of 
hepatocyte transfection in mice. This report found efficient 
expression following the retrograde injection of plasmid 
DNA into the hepatic vein and bile duct. For mice, the ret- 
rograde injection of naked DNA into the hepatic vein with 
occlusion of the portal vein or retrograde injection into the 
bile duct exhibits up to 10% of transfected hepatocytes. The 
same results were obtained in rats and qualitatively similar 
preliminary results were obtained in dogs. A protocol in- 
volving catheterization of the bile duct enabled repeat gene 
injections without additional surgery. The high efficiency of 
expression in larger animals and the use of relatively ac- 
cessible vessels such as the hepatic vein or bile duct demon- 
strates the potential clinical utility of these gene transfer 
protocols. 



INTRODUCTION 

We have previously shown that plasmid DNA (pDNA) 
as expressed in the murine liver after injection into the 
portal vein, the organ's major afferent vessel (Budker et al., 
1996). Highly efficient expression required the use of hyper- 
tonic solutions containing heparin and restricting outflow from 
the liver by occlusion of the hepatic vein. We hypothesized that 
these conditions increased the openings of the siusoidal fenes- 
trae beyond their normal size of ~ 100 nm to enable pDNA with 
an hydrodynamic radius of -100 nm to pass through (Fraser 
et al, 1980; Fisherman and Patterson, 1996). The efficiency of 
luciferase expression in vivo was similar to that obtained with 
the transfection of HepG2 cells in vitro using cationic lipids as 
a delivery system. Injection of a human growth hormone (hGH) 
expression vector resulted in over 50 ng/ml of hGH and injec- 
tion of /3-galactosidase (/3-Gal) expression vector resulted in 
blue staining in —1% of hepatocytes throughout the mouse liv- 
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ers. These levels of expression from naked pDNA were un- 
precedented. 

The present study explores the use of more accessible ves- 
sels such as the hepatic vein and the bile duct for delivering the 
naked pDNA in mice. Efficient gene expression was obtained 
using these efferent delivery routes. Occlusion of other vessels 
to restrict outflow of the injection solutions enhanced, but was 
not critical for, efficient expression. Repetitive injections into 
the bile duct were also accomplished. Preliminary results are 
also presented in larger animals — the rat and dog. The incor- 
poration of these findings into laboratory and clinical protocols 
is discussed. 



MATERIALS AND METHODS 

Plasmid constructs 

The pCILuc plasmid expresses a cytoplasmic luciferase from 
the human cytomegalovirus (CMV) immediately early (hCMV 
IE) promoter. It was constructed by inserting the luc+ gene, an 
Nhe l-Eco RI luc+ fragment from pSPLuc+ (Promega, Madi- 
son, WI). into the pCI expression vector (Promega). pCILux 



expresses peroxisomal luciferase under control of the hCMV 
IE promoter. It was constructed by inserting the luciferase gene 
(Hind m-Bam HI fragment from pBlueCMVLux) into the Sma 
1 site of pCI. pCILacZ was constructed by placing the Es- 
cherichia coli LacZ gene (Pst l-Apa I fragment pBS-RSV- 
LacZ) into the pCI vector {Sma I site). The pCMVGH construct 
was previously described (Andree et al. 1994). 

Injection methods 

Plasmid delivery into the hepatic vessels was performed in 
6-week-old ICR mice, 2.5- to 6.5-month-old, 200- to 300-gram 
Sprague-Dawley rats, and beagle dogs. Ventral midline inci- 
sions were performed to expose the liver and the associated ves- 
sels. The mice were anesthetized with intramuscular injections 
of 1,000 ftg of ketamine-HC) (Parke-Davis, Morris Plains, NJ) 
and methoxyflurane (Pitman-Moore, Mudelein, ILj, which was 
administered by inhalation as needed. The rats were anes- 
thetized with ether and the dogs were anesthetized with 
halothane by inhalation. The pDNA was injected in solutions 
containing 2.5 units/ml of heparin (Lypho-Med, Inc., Chicago, 
IL) (Qian et a/.. 1991) and either normal saline (0.9% NaCl) or 
15% manmtol in normal saline (Sigma Chemical Co.. St. Louis, 
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FIG. 1. Comparison of the different injection routes and sites of vascular occlusion. 
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MO). All animals received humane care in compliance with in- 
stitutional (IACUC) guidelines. 

Figure 1 illustrates the three routes of injection [portal vein, 
hepatic vein via an occluded inferior vena cava (IVC), and bile 
duct] and their associated outflow occlusions. In mice, the in- 
traportal injections were performed as previously described 
(Budker et al., 1996). A total of 100 /xg of pDNA in 1 ml was 
manually injected over —30 sec using a 30-gauge, 1/2-inch nee- 
dle and 1-ml syringe without occluding the portal vein upstream 
from the point of injection. In some animals, a 5 X 1 mm, Klein- 
ert-Kutz microvessel clip (Edward Week, Inc., Research Tri- 
angle Park, NC) was applied during the injection at the junc- 
tion of the hepatic vein and caudal vena cava. 

DNA was delivered in mice to the hepatic vein via an oc- 
cluded IVC. Clamps (6 X 1-mm, Kleinert-Kutz curved mi- 
crovessel clip (Edward Week, Inc., Research Triangle Park, 
NC)) were applied downstream (toward the heart) of the he- 
patic vein and upstream (towards the legs) of the hepatic and 
renal veins. Injections were done upstream of the hepatic vein. 
In some of the injections, the portal vein and hepatic artery were 
clamped using 6X1 mm, Kleinert-Kutz curved microvessel 
clips. The IVC mouse injections were also performed with 100 
/ig of pDNA in 1 ml that was manually injected over —30 sec 
with a 30-gauge, 1/2-inch needle and 1-ml syringe. 

The bile duct injections in mice were performed using man- 
ual injections with a 30-gauge, 1/2-inch needle and 1-ml sy- 
ringe. A 5 X 1-mm, Kleinert-Kutz microvessel clip was used 
to occlude the bile duct downstream from the point of injection 
to prevent flow to the duodenum and away from the liver. The 
gallbladder inlet was not occluded. In some of the bile duct in- 
jections, the junction of the hepatic vein and caudal vena cava 
was clamped as above. In yet other injections, the portal vein 
and hepatic artery were clamped in addition to the occlusion of 
the hepatic vein. Survivability for all three injection routes in 
mice was almost 100%. 

In mice, repetitive injections into the bile duct were done by 
placing a polyethylene tube (I.D. 0.28 mm, O.D. 0.61 mm; In- 
tramedic Clay Adams Brand, Becton Dickinson Co., Sparks, 
MD) catheter into the bile duct after making a hole with a 27- 
gauge needle. The tubing was secured by a suture around the 
bile duct and tubing, thereby occluding the bile duct. The other 
end of the tubing was placed outside the skin of the animal's 
back so that surgery was not required for repeat injections. No 
blood vessel occlusions were done for these repetitive admin- 
istrations. After completion of the studies, anatomical exami- 
nation indicated that the catheter remained in the bile duct. 

In rats, the intraportal, IVC, and bile duct injections were 
done as in mice but with the following modifications. The in- 
jections were done through a 25-gauge butterfly needle using 
a peristaltic pump (Preston varistaltic power pump, Manostat 
Corp., New York, NY) over 1 or 3 min. The downstream IVC 
clamps in the IVC injections were done downstream of the kid- 
neys. For the portal vein injections, the portal vein and hepatic 
artery were clamped. The outflow through the hepatic vein was 
restricted in some animals by clamping the upstream and down- 
stream IVC. In some animals the livers were first flushed with 
normal saline prior to DNA injection. Rat bile duct injections 
were done the same as mice. The rate does not have a gall- 
bladder. 

In some of the rat portal vein injections, a 25-gauge needle 



connected to a pressure gauge (Gilson Medical Electronics, 
Model ICT-11 Unigraph), was inserted into the liver 
parenchyma to determine the peak pressure within the liver dur- 
ing the injections. The stastical relationship between pressure 
and luciferase was done using Spearman's rank correlation. A 
smoothing spline regression model describing the relationship 
between log luciferase and pressure was estimated using gen- 
eralized additive model methodology (Hastie, 1992). Akaike's 
information criteria (Akaike, 1973) indicated that a smoothing 
spline with 2 degrees of freedom resulted in the best fit over 
all integer degrees of freedom between 0 and 5. 

The injections in dogs were done as in rats except that an 
18-gauge, 2-inch angiocath (Becton Dickinson, San Jose, CA) 
was used. All dogs except dog #1 were females. Table 1 indi- 
cates the injection conditions. For the bile duct injections, a su- 
ture was applied to occlude the bile duct transiently downstream 
from the point of injection. A DeBakey multipurpose vascular 
clamp was applied to the cystic duct during injection to prevent 
the injected solution from entering the gallbladder. In dogs, the 
DNA was pCILux. 

Protein assays 

The luciferase assays were done as previously reported 
(Wolff et al., 1990). One day after pCILuc injections, the ani- 
mals were sacrificed and the rodent livers were divided into six 
sections composed of right lateral lobe, caudate lobe, two pieces 
of median lobe, and two pieces of left lateral lobe. For each of 
the six pieces, 0.7 ml of lysis buffer [0.1% Triton X-100, 0.1 
M potassium phosphate, 1 mM dithiothreitol (DTT) pH 7.8] was 
used for mice and 4 ml of lysis buffer was used for rat liver. 
For the dog livers, approximately 10% of each lobe was divided 
into 5-20 pieces and placed into 2 ml of lysis buffer. The sam- 
ples were homogenized using a PRO 200 homogenizer (PRO 
Scientific Inc., Monroe, CT) and centrifuged at 4,000 rpm for 
10 min at 4°C. Twenty microliters of the supernatant was ana- 
lyzed for luciferase activity. Relative light units (RLU) were 
converted to picograms of luciferase using standards from An- 
alytic Luminescence Laboratories (ALL, San Diego, CA). The 
amount of luciferase protein (pg) was calculated using a stan- 
dard curve in which luciferase protein (pg) = 5.1 X 10 -5 X 
RLU + 3.683 (r 2 = 0.992). 

Ten-micrometer-thick tissue sections were stained for /?- 
galactosidase (/3-Gal) expression as previously described using 
1 - to 4-hr X-Gal incubations (Budker et al. , 1 996). Hematoxylin 
was used for the counterstain but the alkaline step was omitted 
so that the hematoxylin stain remained red. The percent of blue- 
stained cells in the liver sections was determined by counting 
—3,000 cells in three sections and averaging. 

Blood obtained from the retro-orbit sinus was analyzed for 
serum concentration of hGH using the radioimmune assay 
(RIA) HGH-TGES 100T kit from Nichols Institute (San Juan 
Capistrano, CA). Serum ALT and GGT levels were done using 
EKTACHEM DT slides and a KODAK EKTACHEM DT 60 
ANALYZER as recommended by the manufacturer (Kodak, 
Rochester, NY). 

The statistical significance of differences between the means 
from the two independent samples of growth hormone data was 
tested with the t statistic. The statistical significance of differ- 
ences for the luciferase data was tested with one-way analysis 
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of variance (ANOVA) using the SAS generalized linear model 
procedure because more than two independent samples were 
involved. 



RESULTS 

Mice luciferase experiments 

Our previous studies used the pBS.CMVLux plasmid (ex- 
pressing the peroxisomal native luciferase from the CMV pro- 
moter) for evaluating the optimal conditions for naked pDNA 
expressing following intraportal injection. These optimal con- 
ditions were intraportal injections of 100 /u.g of pDNA in 1 ml 
of 15% mannitol and 2.5 units heparin/ml in normal saline so- 
lution. The injections were done over 30 sec with the hepatic 
vein and IVC occluded. In this study, 100 /u,g of pCILuc (ex- 
pressing a cytoplasmic modified luciferase from a CMV pro- 
moter with a chimeric intron) injected under similar conditions 
yielded a mean total luciferase protein/liver of 3.73 /tg/liver 
(Fig. 2A, PV+CL), approximately 30 times greater than that 
obtained with pBS.CMVLux. Part of this increase could be at- 
tributed to greater operator experience with these injection tech- 
niques. Injections with pCILuc under these conditions without 
clamping the hepatic vein yielded approximately 750-fold less 
luciferase (Fig. 2A, PV-CL). 

The hepatic veins (via the IVC) of another set of mice were 
injected with 100 jug of pCILuc in 1 ml of 15% mannitol and 
2.5 units heparin/ml in normal saline solution. A mean total lu- 
ciferase protein/liver of 17.34 /Ag/liver (Fig. 2A, IVC+CL) was 
obtained when the portal vein clamped as compared to a mean 
total luciferase protein/liver of 2.83 /u.g/liver (Fig. 2A, IVC-CL) 
without occluding the portal vein. 

Similar results were also obtained when bile ducts were in- 
jected with 100 /u,g of pCILuc in 1 ml of 15% mannitol and 2.5 
units heparin/ml in normal saline solution. A mean total lu- 
ciferase protein/liver of 15.39 /tig/liver (Fig. 2A, BD+CL) was 
obtained when the hepatic vein was clamped as compared to a 
mean total luciferase protein/liver of 1.33 /xg/liver (Fig. 2A, 
BD-CL) without occluding the hepatic vein. If mannitol was 
omitted, then the bile duct injections without clamping any 
blood vessels yielded approximately 15-fold less luciferase 
(0.086 /u,g/liver ± 0.06, n = 5). Clamping the hepatic artery and 
portal vein in addition to the hepatic vein did not improve ex- 
pression beyond what was obtained when only the hepatic vein 
was clamped (data not shown). For all three injection routes, 
outflow occlusion significantly (p < 0.05) increased luciferase 
expression. 

Serum ALT and GGT assays were performed on mice 1 and 
8 days after each of the above injections with pCILuc (4 mice 
for each condition). No increases in GGT were observed after 
any of the injections, including the bile duct injections. Serum 
ALT levels increased to 200-400 units/liter 1 day after portal 
vein and bile duct injections. One day after IVC injections, 
serum ALT levels increased to ~ 1 ,500 units/liter in half of the 
mice but was only -250 units/liter in the other half. By 18 days 
after injection, serum ALT levels decreased to baseline levels 
in all animals. For positive control purposes, a nonlethal in- 
traperitoneal injection of 40 /nJ of 50% carbon tetrachloride in 
mineral oil was performed. An average of 25,900 units/liter 
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FIG. 2. Comparison of total luciferase expression in mice (A) 
and rats (B) injected with pCILuc under various conditions. The 
condition abbreviations signify the following: PV - CL, por- 
tal vein injections without clamping; PV + CL, portal vein in- 
jections with clamping the hepatic vein; IVC - CL, IVC in- 
jections without clamping; IVC + CL, IVC injections with 
clamping the portal vein and hepatic artery; BD - CL, bile duct 
injections without clamping; BD + CL, bile duct injections with 
clamping the hepatic vein. Numbers above the bars indicate the 
number of mice. T bars indicate the standard error. 



(n = 4) was observed 1 day after injection. This comparison in- 
dicates that the DNA injection procedure caused minimal and 
transient liver toxicity. 

Rat and dog luciferase experiments 

Similar injections into the portal vein, IVC (to the hepatic 
vein), and bile duct were done in rats (Fig. 2B). For the portal 
vein injections, the injection volumes were increased 15 times 
over that used in mice because the rat livers are ~15 times 
larger than mouse livers. The amount of pCILuc was only in- 
creased -7.5 times because the use of more pCILuc did not re- 
sult in significantly more luciferase expression (data not 
shown). One day after 750 y,g of pCILuc in 15 ml of 15% man- 



EXPRESSION OF NAKED PLASMID DNA IN LIVER 
14- 




nitol and 2.5 units of heparin/ml in normal saline solution were 
injected into the portal vein while occluding the hepatic vein, 
an average of 53.5 /xg of luciferase/liver was obtained (Fig. 2B, 
PV+CL). The efficiency of gene transfer in the rat was com- 
pared to that in mice in two ways. In terms of efficiency as de- 
fined by the nanograms of luciferase per milligram of tissue 
weight, the levels of expression for portal injections were 3.6 
jag of luciferase/gram of tissue in rats as compared to 3.7 /xg 
of luciferase/gram of tissue in mice. Alternatively, in terms of 
efficiency as defined by the nanograms of luciferase per mi- 
crogram of pDNA delivered, the efficiencies of expression for 
portal injections were 71 ng of luciferase//xg of DNA in rats as 
compared to 37 ng of luciferase//xg of DNA in mice. 

Less, but still substantial, luciferase expression was obtained 
when the injections of pCILuc were done into the efferent ves- 
sels of rats such as the IVC or bile duct (Fig. 2B). Injections 
of 750 /xg of pCILuc in 15 ml into the hepatic vein (via the 
IVC) while occluding the portal vein yielded an average of 1.5 
/xg of luciferase/liver. Injections of 750 /xg of pCILuc in 5-8 
ml into the bile duct with outflow obstruction yielded an aver- 
age of 4.9 /xg of luciferase/liver. 

Parenchymal pressures of 12-50 mmHg were measured in 
23 rat livers during the injection of 750 /xg pCILuc in 15 or 20 
ml into the portal vein while occluding the rVC (Fig. 3). Spear- 
man's rank correlation between pressure and luciferase ex- 



pression was 0.76 (two-side p-value <0.001) indicating that 
pressure and luciferase were significantly positively associated. 
It appeared that pressures of over 40 mmHg did not result in 
increased expression. The necessity of the nonlinear component 
over and above a simple linear fit was verified by an approxi- 
mate full versus reduced F-test (p value = 0.014), indicating 
that the observed plateau effect is real. Examination of both the 
residual quantile-quantile and the residual versus prediction 
plots further reveals that there are no serious violations of the 
regression model assumptions and therefore the regression 
models and p values are valid (Fisher and van Belle, 1993). 

Preliminary experiments explored the ability of naked 
pCTLux (not pCILuc) to be expressed in dogs (Table 1). In mice, 
in the case of intraportal injection, pCILux provided three times 
lower expression than pCILuc (data not shown). In 5 dogs, var- 
ious amounts of DNA were injected into either the bile duct 
with or without blocking outflow by occluding the IVC. In 1 
animal, the DNA was injected into the IVC without any out- 
flow blockage. All the dogs survived the procedure except an- 
imals that had the IVC occluded recovered more slowly post- 
operatively. The animals were sacrificed 1 day after the 
injections and dozens of tissue samples from each liver lobe 
were analyzed for luciferase. The luciferase expression was 
evenly distributed over all the lobes in each liver except in one 
lobe of 1 dog. Routine histological analysis in dog #5 (Table 
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Table 1. Luciferase Expression Following the Injection of pCILux into the Bile Duct or IVC of Dogs 
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1 


182 


290.7 


8.6 


10 


Bile duct 


no 


300 


33 


75 


2 


128 


357.9 


10.8 


10 


Bile duct 


no 


300 


33 


60 


3 


645 


244.2 


4.2 


14 


Bile duct 


yes 


280 


50 


70 


4 


53 


430.1 


10.4 


30 


Vena cava 


no 


600 


50 


120 


5 


76 


310.2 


6.7 


20 


Bile duct 


yes 


400 


50 


100 


6 


2,961 


307.1 


6.7 


20 


Bile duct 


no 


200 


100 


66 



1) indicated that the tissue architecture was substantially dis- 
rupted, suggesting that the injection conditions were not opti- 
mal. Decreasing the volume of injection in dog #6 to 200 ml 
resulted in the best expression (Table 1). 

Mice and rat $-Gal results 

The /3-Gal expression vector was used to determine the per- 
cent and type of cells that were transfected (Fig. 4). As previ- 
ously noted for portal vein injections (Budker et al., 1996), the 
vast majority of the blue-stained cells appeared to be hepato- 
cytes on morphological grounds but a few appeared to be en- 
dothelial or other types of cells. A preponderance of hepato- 
cytes were also stained blue after the bile duct or IVC injections 
in mice or rats (Fig. 4). No hepatocytes were stained blue af- 
ter similar injections of pCILuc. 

In mice, all three injection procedures resulted in 5-10% of 
the hepatocytes expressing /3-Gal (Fig. 4A-C). In rats, the por- 
tal vein injections gave the highest percentage of /3-gal-posi- 
tive cells in which 7% of hepatocytes were positive (Fig. 4D). 
Much fewer /3-Gal-positive cells were noted in rats injected in 
the IVC (Fig. 4E) or bile duct (data not shown). In some ani- 
mals, liver cell damage was evident in less than 5% of the cells. 
Of note in the rat livers injected into the portal vein, almost all 
of the positively stained cells were peri-acinar with few posi- 
tive cells around the central vein (Fig. 4D). 

Repeat bile duct injections 

The bile ducts of mice were cannulated and 100 ng of 
pCMVhGH in 1 ml of 15% mannitol in normal saline were in- 
jected once a week (Fig. 5). Serum levels of hGH increased 1 
day after the first injection and then decreased to background 
levels by 7 days after injection. One day after the second in- 
jection, hGH levels again increased and then were back to back- 
ground levels by 7 days after the second injection. Only mini- 
mal increases in hGH levels occurred after the third injection. 
Mice that had the highest levels after the first injection had the 
lowest levels after the second injection (mice 3 and 6) and vice 
versa (mice 1, 2, and 4). Luciferase levels were significantly 
different between day 1 and day 7 (p < 0.02) but were not sig- 
nificantly different between day 9 and day 14 because of the 
large variability after the second injection. Control mice that 
received no injections or injections with a luciferase pDNA had 
mean hGH levels of 0.3 ± 0.1 ng/ml. 

In another set of animals (4 mice), the bile duct injections 
were repeated four times with pCMVhGH and then pCILuc was 



injected. The first three pCMVhGH injections led to similar in- 
creases in hGH serum levels as in Fig. 5. Although there were 
only minimal raises in hGH serum levels following the fourth 
injection, injection of pCILuc yielded an average of 29.2 
ng/liver (±7.1, n = 3). The liver in 1 of the 4 mice was grossly 
yellow and scarred as a result of the bile duct ligation and did 
not express any luciferase. 



DISCUSSION 

This report extends the findings of the previous study show- 
ing pDNA expression following afferent intraportal delivery 
and demonstrates efficient plasmid expression following deliv- 
ery via efferent vessels such as the hepatic vein or bile duct. 
Expression of luciferase or /3-Gal was evenly distributed 
throughout the entire liver when either of the three vessels was 
injected. Combining these surgical approaches with improved 
plasmid vectors enabled uncommonly high levels of foreign 
gene expression in which over 15 /xg of luciferase protein/liver 
was produced in mice and over 50 /ig in rats (Figs. 2 and 3). 
Equally high levels of /3-Gal expression were obtained in that 
5-10% of the hepatocytes had intense blue staining (Fig. 4). 
These levels of foreign gene expression are among the highest 
levels obtained with nonviral vectors. 

Using the portal vein administration route, occlusion of the 
outflow is critical for expression. Outflow occlusion increases 
the expression with the efferent administrative routes, but sub- 
stantial amounts of expression were obtained even when the he- 
patic vein was not blocked. Most likely the natural direction of 
blood flow provides a sufficient impetus to retard the egress of 
injection fluid and raise the hydrostatic pressure. The use of 
these efferent vessels simplifies the administration for potential 
human applications because they are easier to access by non- 
invasive methods. If no occlusion is used, then only one ves- 
sel has to be reached. These efferent routes should also be con- 
sidered for the administration of viral and nonviral vectors as 
has been done with the delivery of adenoviral vectors into the 
bile duct (Yang et al., 1993; Vrancken Peeters et al., 1996a,b). 

The mechanism of pDNA uptake is not known but may in- 
volve native cellular uptake processes (Budker et al., 1996). It 
is of interest that high levels of luciferase expression could oc- 
casionally be obtained when the DNA was injected into the bile 
duct in small volumes of isotonic solutions without occluding 
the IVC. Increased osmolar and hydrostatic pressure may not 
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FIG. 4. Histochemica) analysis of /8-Gal expression in livers after injection of pCILacZ into: mouse portal vein with the he- 
patic vein clamped (A), mouse IVC with the portal vein and hepatic artery clamped (B), mouse bile duct with the hepatic vein 
clamped (C), rat portal vein with the IVC clamped (D), and rat IVC with the portal vein and hepatic artery clamped (E). Mouse 
injections were done using 100 fi-g of pCILacZ in 1 ml of 15% mannitoi and 2.5 units heparin/ml in normal saline solution 
whereas the rat injections were done using 750 fig of pCILacZ in 15 rnl of the same solution. Magnifications, 160X (A and B); 
100X (C). 



be critical for uptake of" the pDNA by hepatocytes, as they are 
not in muscle cells (Wolff etal., 1990, 1991 , 1992a). This would 
suggest that the mechanism of pDNA uptake may in fact in- 
volve endogenous cellular pathways. Increased hydrostatic and 



osmotic pressures may raise expression by enhancing these cel- 
lular internalization processes (Haussinger. 1996). 

The raised pressures could also increase the delivery of the 
pDNA to the hepatocyte surface not only for the blood vessel 
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administrations (through the sinusoidal fenestrae) but for the 
bile duct injections as well. The increased pressures could tran- 
siently attenuate bile secretion thereby decreasing the clearance 
of the pDNA (Stieger et al, 1994). For example, the hyperos- 
molar mannitol should induce cell shrinkage that is known to 
inhibit taurocholate excretion into bile (Haussinger etal., 1992). 

Hepatocytes are functionally polarized cells in which the 
basal and apical membranes have different exocytic, endocytic, 
and transcytotic functions (Hubbard et al, 1994). The success 
with either blood vessel or bile duct routes could indicate that 
both the basal (sinusoidal) and apical (bile canalicular) mem- 
branes share a common pathway for the cellular entry of pDNA. 
However, the passage of DNA between the basal-lateral and 
bile canalicular spaces cannot be exluded, even under the more 
gentle injection conditions. Plasmid DNA injected into the bile 
duct could be taken up from the basal-lateral surface of hepa- 
tocytes after passage paracellularly. If only the basal-lateral sur- 
face takes up the pDNA, then the increased hydrostatic and os- 
motic pressures may enhance pDNA expression by disrupting 
the tight junctions between hepatocytes and thereby increase 
the flow of pDNA between the canalicular and basal-lateral 



spaces (Spray et al, 1994). It is also of interest that the bile 
duct injections did not result in obvious /3-Gal expression in the 
biliary epithelium as occurs following bile duct injections with 
recombinant adenoviral vectors (Vrancken Peeters et al, 
1996b). 

The bile duct was cannulated to determine whether repeat 
injections could be done. Substantial hGH levels were obtained 
after the first two injections (Fig. 5). The hGH levels dropped 
considerably by 1 week after each injection presumably because 
of an immune response to the foreign protein. The inability to 
detect hGH after the third or fourth injections was more likely 
due to a more rapid response of the immune response sensi- 
tized to hGH. The ability subsequently to obtain luciferase ex- 
pression argues against an immune response against the pDNA 
that prevents expression. Previous studies have failed to detect 
anti-DNA antibodies following the administration of naked 
pDNA (liao et al, 1992; Nabel et al, 1992). The ability to ad- 
minister naked pDNA repetitively without inducing an immune 
response against the vector is a distinct advantage of naked 
pDNA over viral and some types of nonviral vectors. 

Other studies in progress in our laboratory suggest that sup- 
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pression of the immune system enables more persistent ex- 
pression. In post-mitotic myofibers, plasmids can persist extra- 
chromosomally and express for at least 2 years, presumably be- 
cause the pDNA is not being lost as result of cell division (Wolff 
et al, 1992b; Herweijer et al, 1995). Quite possibly pDNA 
would be lost slowly in hepatocytes, which have a half-life of 
up to a year in rodents and humans (Leffert et al., 1988; Web- 
ber et al., 1994). If so, the liver-based genetic disorders such 
as hemophilia could be treated by injections every 6 months. 
The bile duct could be accessed repeatedly by upper gastroin- 
testinal endoscopy. Similarly, the hepatic vein could be nonin- 
vasively accessed via peripheral or central veins. In addition, 
gene transfer could be delivered to newborns via the umbilical 
cord vessels to get them over a newborn metabolic crisis, as 
occurs in the organic acidurias and the urea cycle defects. 

Often gene transfer techniques that work in mice do not work 
in larger animals. Our results demonstrate than the technique 
works in rats that are approximately 10-fold bigger that mice. 
The dog results indicate that the liver of larger nonrodent mam- 
mal can express naked pDNA. Although substantial levels of 
luciferase activity were obtained, further optimization of the in- 
jection conditions is required to increase the efficiency of ex- 
pression so that they are comparable to those in rodents. The 
studies to determine the relationship between intraparenchymal 
pressure and luciferase expression in rats are a first step toward 
this goal (Fig. 3). Minimal liver cell damage occurred in the ro- 
dents as evident by serum chemistries and histology but the in- 
jections were more disruptive to the hepatocytes in dogs. Pre- 
sumably, the key factor is the efficient delivery of the pDNA 
to the hepatocyte surface with minimal cellular or tissue dis- 
ruption. 

In the research laboratory, the described techniques will en- 
able rodents to be used just as immortalized and primary liver 
cell cultures are now used for gene and cellular studies of liver 
function. The transfer of genes into cells in culture have been 
a critically important tool for deciphering the function of genes 
and for studying the effect of expressed proteins on cellular 
processes. Typically, the gene under study is placed within a 
plasmid vector and transiently transfected into the appropriate 
cell in culture. Isoforms and mutant forms of the gene under 
study can be quickly placed into plasmid expression vectors and 
studied. Our findings indicate that a similar plasmid-based ap- 
proach could be used to study the effects of gene function in 
hepatocytes in situ. Given that the high levels of expression are 
transient in this system, it would be best if these effects oc- 
curred within a few days. The use of pDNA avoids the labori- 
ous steps necessary for the production of viral vectors or gen- 
eration of transgenic mice and thereby enables many different 
genes and their related mutated forms to be quickly studied. It 
will permit the mechanism of gene expression and their effects 
on liver function to be expeditiously probed within the context 
of a complete mammalian organism. 
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